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ABSTRACT 



In a toroidal- type continuously variable transmission includ- 
ing input and output side disks and a pair of power roller 
bearings, rolling elements of the power roller bearings are 
made of a steel which is to be case hardened, a medium- 
carbon steel or a high-carbon steel which is such a steel as 
containing carbon in an amount of 0.2 wt % or more, and are 
subjected to a carbonitriding process and hardening and 
tempering treatments. The toroidal-type continuously vari- 
able transmission has a long life by improving the rolling life 
of the power roller bearings, the input side disks, and the 
output side disks. 

12 Claims, 3 Drawing Sheets 
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COMPONENT PARTS OF A TOROIDAL- 
TYPE CONTINUOUSLY VARIABLE 
TRANSMISSION HAVING IMPROVED LIFE 

This is a Continuation of application Ser. No. 08/374,179 
filed Jan. 18, 1995, now abandoned. 

BACKGROUND OF THE INVENTION 

The present invention relates to an improvement of a 
toroidal-type continuously variable transmission used in 
vehicles such as automobiles. 

Conventionally, a toroidal-type continuously variable 
transmission, as shown, e.g., in FIG. 5, is constructed so that 
an input side disk 11 and an output side disk 12 are coaxially 
disposed and opposed to each other inside a housing (not 
shown). 

An input shaft 13 passes through the shaft center of the 
toroidal transmission section having the input side disk 11 
and the output side disk 12. A loading cam 14 is disposed on 
an end of the input shaft 13. The loading cam 14 transmits 
the motive power (rotational force) of the input shaft 13 to 
the input side disk 11 through a plurality of cam rollers 15. 

The input side disk 11 and the output side disk 12, having 
substantially the same shape, are disposed to be 
symmetrical, and are formed to be substantially semicircular 
in section as viewed in the axial direction with both opposed 
surfaces thereof taken into view. A pair of power roller 
bearings 16 and 17 that transmit motion are disposed to be 
in contact with the input side disk 11 and the output side disk 
12, respectively, within a toroidal cavity formed by the 
toroidal surfaces of the input side disk 11 and the output side 
disk 12. 

The power roller bearing 16 includes: a power roller 16a 
that rolls over the toroidal surfaces of the input side disk 11 
and the output side disk 12 (the power roller 16a being 
equivalent to an inner race constituting the power roller 
bearing 16); an outer race 16b; and a plurality of rolling 
elements (steel balls) 16c, and that the power roller bearing 
17 includes: a power roller 17a that rolls over the toroidal 
surfaces of the input side disk 11 and the output side disk 12 
(the power roller 17a being equivalent to an inner race 
constituting the power roller bearing 17); an outer race 17b; 
and a plurality of rolling elements (steel balls) 17c. 

That is, the power roller 16a serves also as the inner race 
that is a component of the power roller bearing 16, and the 
power roller 17a serves also as the inner race that is a 
component of the power roller bearing 17. 

In this construction the power roller 16a is pivo tally 
attached to a trunnion 20 through a pivot shaft 18, the outer 
race 166, and the plurality of rolling elements 16c, and 
pivotally supported with a pivot 0 as the center, the pivot 0 
serving as the center of the toroidal surfaces of the input side 
disk 11 and the output side disk 12. 

On the other hand, the power roller 17a is pivotally 
attached to a trunnion 21 through a pivot shaft 19, the outer 
race 17b, and the plurality of rolling elements 17c, and 
pivotally supported with a pivot O as the center, the pivot 0 
serving as the center of the toroidal surfaces of the input side 
disk 11 and the output disk 12. 

The surfaces of contact among the input side disk 11, the 
output side disk 12, and the power rollers 16a and 17a are 
supplied with a lubricating oil whose viscous frictional 
resistance is large, so that the motive power applied to the 
input side disk 11 is transmitted to the output side disk 12 
through the lubricating oil film and the power rollers 16a and 
17a. 
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The input side disk 11 and the output side disk 12 are 
independent of the input shaft 13 (i.e. are not directly 
affected by the motive power of the input shaft 13) by virtue 
of needle bearings 25. An output shaft 24 is attached to the 

5 output side disk 12. The output shaft extends in parallel with 
the input shaft 13 and is rotatably supported by the housing 
(not shown) through an angular bearing 22. 

In this toroidal-type continuously variable transmission 
the motive power of the input shaft 13 is transmitted to the 

1Q loading cam 14. When the loading cam 14 is rotated by the 
transmission of the motive power, this rotational power is 
transmitted to the input side disk 11 through the cam rollers 
15, which in turn causes the input side disk 11 to rotate. The 
motive power generated by the rotation of the input side disk- 
11 is transmitted to the output side disk 12 through the power 

15 rollers 16a and 17a. The output side disk 12 rotates inte- 
grally with the output shaft 24. 

At the time of changing the speed, the trunnions 20 and 
21 are slightly moved toward the pivot 0. 

That is, the axial movement of the trunnions 20 and 21 

20 puts the rotating shaft of the power rollers 16a and 17a and 
the shaft of the input side disk 11 and the output side disk 12 
slightly out of intersection. Accordingly, the rotational cir- 
cumferential speed of the power rollers 16a and 17a loses 
equilibrium with the rotational circumferential speed of the 

25 input side disk 11, and in addition a component of a drive 
force for rotating the input side disk 11 causes the power 
rollers 16a and 17a to swing about the pivot O. 
As a result, the power rollers 16a, 17a pivot over the 

3Q curved surfaces of the input side disk 11 and the output side 
disk 12, thereby changing the speed ratio to either accelerate 
or decelerate the motor vehicle. 

Such a toroidal-type continuously variable transmission is 
disclosed, e.g., in Examined Japanese Utility Model Publi- 

35 cation No. Hei. 2-49411. As conventional examples of the 
above-mentioned input side disk, output side disk, and 
power roller bearings, those using AJSI521 00 (an equivalent 
of JIS SUJ2 high carbon chromium bearing steel) are known 
as disclosed in "NASA Technical note, NASA ATN 

40 D-8362." 

However, the above-mentioned toroidal-type continu- 
ously variable transmission produces, when driven, high 
contact stress (max: 3.5 to 4 GPa) between the input side 
disk and the power roller bearing and between the output 

45 side disk and the power rolling bearing, which in turn causes 
the power roller bearing to receive a high thrust load. Such 
a condition causes the conventional rolling bearing to per- 
manently deform portions between the rolling elements and 
raceways of the inner and outer races. 

50 If the power roller bearing is e.g., a ball bearing, it is 
known that spin slippage occurs on the power roller bearing 
upon reception of such a thrust load and that a portion of the 
power roller bearing subjected to the spin slippage is heated. 
The heat produced by the spin slippage increases the tem- 

55 perature of the rolling portion of the power roller bearing. 
Further, when the power roller bearing is operated at a 
high speed and subjected to a high thrust load, an increase 

) in the temperature of the rolling portion due to heat becomes 
so noticeable that the power roller bearing made of the 

60 conventional material exhibits the problem of early flaking 
and fracture. 

Furthermore, the rolling element, in particular, which is a 
component of the power roller bearing, is susceptible to 
early flaking and fracture because the rolling element is 
65 operated under a condition in which heat conductivity is 
< poor, which in turn brings about a significant reduction in the 
service life of the bearing. 
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SUMMARY OF THE INVENTION FIG. 3 is a diagram showing a relationship between the 

The present invention has been made to overcome con- tempering temperature and the hardness of test pieces (HV) 

ventional problems. Accordingly, an object of the present wben th ^ test P^ces of materials B, D, E, F and G are 

invention is to provide a toroidal-type continuously variable subjected to a single heat treatment; 

transmission having a long life by improving the rolling life 5 FIG- 4A is a diagram showing the heat treatment I applied 

of the power roller bearing, the input side disk, and the to comparative examples according to the embodiment of 

output side disk in the toroidal-type continuously variable the present invention; 

transmission. FIGS. 4B to 4D are diagrams showing the heat treatments 

To achieve the above object, the present invention is II, HI and IV applied to examples according to the embodi- 

applied to a toroidal-type continuously variable transmission 10 ment of the present invention, respectively; 

that includes: an input side disk disposed on an input shaft; FIG. 5 is a sectional view showing a construction of a 

an output side disk disposed on an output shaft; and a pair toroidal-type continuously variable transmission used in the 

of power roller bearings including an inner race, an outer embodiment of the present invention as well as in the 

race, and a plurality of rolling elements and transmitting ^ conventional example, 
motive power of the input shaft to the output shaft while 

engaging the inner race with the input and output side disks, DETAILED DESCRIPTION OF THE 

in which each of the rolling elements of the power roller PREFERRED EMBODIMENTS 

bearingismadeofaste^ ^ embodiment of the t invention wm now be 

0.2 wt % or more and subjected to a carbomtndmg process described ^ reference to ^ df ^ ^ ^ 

and hardening and tempering treatments. construction of a toroidal-type continuously variable trans- 

In addition, the toroidal-type continuously variable trans- mission accordmg to the pre sent invention is the same as that 

mission of the present invention may have each of the inner of ^ conventional example (shown in FIG. 5), the descrip- 

race and the outer race, which are components of the power ^ Qn tnereof wil i be omitted. 

roller bearing, and the input side disk and the output side oc ~_ , , , 4 . , . U1 , . . 

j., , r',.!. ,j , « • • * , * 25 The toroidal-type continuously variable transmission of 

disk made of a steel to be case hardened containing at least iU *\ . , . J . , . . 1V 

- ... . . r r» r * the present invention is characterized as having the rolling 

one of silicon (Si) m an amount ranging from 0.5 wt % to , r . . , . . , . & ° 

i c u nr j /v. j /W \ • * • element of the power roller bearing, which is a component 

1.5 wt % and molybdenum (Mo) man amount ranging from +1 _ * , r r ,. , ' , , r , 

no rrr , 1 n \ nr ju* i • * . * thereof, made of a medium-carbon steel or a high-carbon 

0.3 wt % to 1.0 wt %, and being subjected to a carbunzmg 4 , \. , . , , , 4 . . , . & 

* j , i_ j • j steel which is such a steel containing carbon m an amount 

process or carbonitriding process and to hardening and ™ fn „ ^ m * «. r . lt . . 

tern erin treatments 30 of 0.2 wt % or more, and as subjecting the rolling element 

, , . * . , ... . to a carbonitriding process and hardening and tempering 

Further, the toroidal-type continuously variable transmis- treatments> Therefore, the rolling life of the power roller 

sion of the present invention may be such that the steel to be beari the • ^ side disk? and ^ mt t side disk {s 

case hardened, the medium-carbon steel, or the high-carbon . ^ which in turn a]lows a toro i da i_ tvpe continuously 

steel whichissuchasteel as .contaming carbon m an amount 35 yariable transmission havi a lon Ufc to be obtained 

of 0.2 wt % or more, further contains oxygen (O) m an _ A . _ .„ , , ..... 

amount of 9 ppm or less, sulfur (S) in an amount of 0.010 ^ reasons therefor wlU be descnbed below ' 

wt % or less, and phosphorus (P) in an amount of 0.020 wt When the toroidal-type continuously vanable transmis- 

% or less. s ^ on is driven, the power roller bearing receives a large thrust 

Still further, the toroidal-type continuously variable trans- 40 load and is therefore rotated at a hi S h s P eed * If P ower 

mission of the present invention may allow each of the inner roller bearm S 15 a bal1 bearing, and when such power roller 

race and the outer race, which are components of the power bearin g rotates at a high speed while receiving a large thrust 

roller bearing, and the input side disk and the output side load > s P in slippage occurs. When the spin slippage occurs, 

disk to have a residual compressive stress ranging from 40 the rolling portion of the power roller bearing is heated, thus 

to 150 kgf/mm 2 on a surface layer of a rolling surface 45 increasing the temperature of this portion. This phenomenon 

thereof * ^ vcnfi^ a k° fr° m a difference between the temperature of 

Hie term "surface layer" used herein is intended to mea*.' the ^coming lubricating oil and the temperature of the 

an outer surface layer that extends 50 fim deep from the ' outgoing lubncatmg oil from the power roller (the inner 

surface ^ race) of the power roller bearing (the difference bemg in the 

P ,. 11t .1 . . * i . t . , . . . . * order of 20° to 30° C). The temperature of the rolling 

Still further, the toroidal-type continuously vanable trans- 50 . y . f 0 & 

c ' * ■ *• ii .u ii- portion is assumed to be increased to at least 130 C. 

mission of the present invention may allow the rolling r 

element, which is a component of the power roller bearing, 11 15 assumed that lhe steel bal1 "rvmfi as the rolling 
to have a residual compressive stress ranging from 40 to 150, element > which 15 a component of the power roller bearing, 

kgf7mm 2 on the surface layer of a rolling surface thereof. ' is particularly subjected to a severe condition in temperature, 

. 55 while the toroidal-type continuously variable transmission is 

BRIEF DESCRIPTION OF THE DRAWINGS being driven. Generally, bearing materials, when heated, 

In the accompanying drawings: exhibit a decrease in mechanical strength, which is repre- 
FIG. 1 is a diagram showing a relationship between the, sented by hardness, and a deterioration in fatigue properties, 

tempering temperature and the hardness of test pieces (HV) In addition, when the spin slippage occurs on the rolling 

when the test pieces of a material A used in an embodiment so portion of the conventional bearing, minute cracks caused 
of the present invention are subjected to heat treatments I, II r by tensile stress in a tangential direction appear on the 

and III; , rolling surface. These minute cracks grow into surface 

FIG. 2 is a diagram showing a relationship between the x fatigue type flaking and fracture, 

tempering temperature and the hardness of test pieces (HV) The reason why the material (a medium -carbon steel or a 

when the test pieces of materials B, D, E and F used in the 65 high-carbon steel) of which the rolling element is made is 

embodiment of the present invention are subjected to a subjected to a carbonitriding process in the present invention ' 

single heat treatment; is that the carbonitriding process allows carbon (C), and 
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nitrogen (N) (particularly, nitrogen) to be dissolved into steel by carbon (C) and nitrogen (N), and in addition to make 

martensite, which is a matrix, in the form of a solid solution, martensite transformation temperature of the case different 

and this in turn improves a resisting property for temper from that of the core by the carburizing or carbonitriding 

softening and prevents reduction in hardness at high tern- process, so that a residual compressive stress is produced on 

peratures 5 tne rolling surface of the bearing. 

Further, the martensite transformation temperature of the In addition to the fact that me bearing section, the input 

case of the rolling element is shifted from that of the core by sld f { disk > «">«»» 0Ut P ut s f, de susceptible > to flaking 

making the carbon and nitrogen contents of the case different f nd f ' ac < ure ' tl f P«wer roller bearing is subjected to repeti- 

_ ° c.u .t * a i -too tive bending stress, which makes the power roller bearing 

from those of the core so tha a Residual compressive stress ^ ^ ^ fati fracturc> j 0 improve fatigu * 

is produced on the surface of the rolling element after the io ^ ft ^ tQ a hardness dient 

hardenmg and tempering treatments. As a result, generation from the C&SQ {Q the ^ 

of minute cracks caused by tensile stress in the tangential Tq ^ ^ flt invention ^ characterized as 

direction of the surface is controlled, which in turn allows ^ a ^ {Q be cage hardened as a material of which each 

fatigue strength of the rolling element to be improved. of the inner aQd outer races ^ the inpm and 011tpilt side 

Moreover, the reason why a medium-carbon steel or a 15 disks is made, and as subjecting these components to a 

high-carbon steel is used as a material of which the rolling carburizing process or a carbonitriding process so as to' 

element is made is that such a material can provide strength impart a hardness gradient from the case to the core. \ 

necessary as a rolling part of the bearing within a compara- Still further, the steel to be case hardened and the 

lively short carbonitriding process time. medium- or high-carbon steel contains oxygen (0) in an 

Still further, each of the inner race and the outer race, 20 amount of 9 ppm or less, sulfur (S) in an amount of 0.010 

which are components of the power roller bearing, and the wt % or less, and phosphorus (P) in an amount of 0.020 wt 

input side disk and the output side disk is made of a steel to % or less * ™s contributes to further improving the rolling 

be case hardened containing at least one of silicon (Si) in an Ufe of the ( PO w f r roller bearing, the input side disk, and thei 

amount ranging from 0.5 wt % to 1.4 wt % and molybdenum out P ut f de d ^> whlch m mm a u llows a toroidal-type con-' 

(Mo) in an amount ranging from 0.3 wt % to 1.0 wt %, and 25 ™J vanable transmission having a longer life to be 

is subjected to a carburizing process or a carbonitriding . , , , / _ x , 1JL /rrt f 

process and to hardening and tempering treatments, and the If ""JP™* e ements such as oxygen (0) and sulfur (S) are 

r 7 nrpwn in thp efp.p.l tn hp. rn<ip harnp.np.rl Ann thft mpfiinm- nr 



*I t. j- j 4 j* * j *_ * • j present in the steel to be case hardened and the medium- or 

thus obtained inner and outer races and input and output side f. , , . . c c n . . . . j 

, . high-carbon steel in the form of nonmetallic in clusion s, 

disks are combined with the rolling elements according to 3o elemeQts c „ iCf > A^t* mAxfZ ^ arWrcph, fl '5kw 

the present invention. Such combination contributes to fur- fatigue strength 



ther improving the rolling life of the power roller bearing, M (Q) ^ exc£SS of g ^ ^ ^ to 

the input side disk, and the output side disk, which in turn be case hardened and ihe medium- or high-carbon steel 

allows a toroidal-type continuously vanable transmission s i gQmc antly aggravates negative effects on the fatigue 

having a longer life to be obtained. J 35 stren gth. Asulfur (S) content in excess of 0.010 wt % in the 

The reason why silicon is added to a material of which steel to be case hardened and the medium- or high-carbon 

each of the inner and outer races and the input and output steel also significantly aggravates negative effects on the 

side disks is made is that silicon (Si) is an alloy element that fatigue strength. 

can improve the resisting property for temper softening The presence of phosphorous (P) in the steel to be case 

significantly. The effect of significantly improving the resist- ^ hardened and the medium- or high-carbon steel impairs 

ing property for temper softening is noticeably exhibited strength of the steel to be case hardened and the medium- or 

when silicon is added in an amount of 0.5 wt % or more v \ high-carbon steel by segregating in the grain boundaries 

On the other hand, if silicon (Si) is added in an amount thereof. A phosphorus (P) content in excess of 0.020 wt % 

exceeding 1.5 wt%, diffusion of carbon (C) and nitrogen (N) in the steel to be case hardened and the medium- or 
at the time of carburizing or carbonitriding tends to be, 45 high-carbon steel greatly impairs strength of the steel to be 
disturbed, thereby making it difficult to obtain a desiredv case hardened and the medium- or high-carbon steel, 

carburized or carbonitrided depth. Therefore, it is desirable ) Therefore, it is desirable that the steel to be case hardened 

that silicon (Si) be added within a range from 0.5 wt % to and the medium- or high-carbon steel contain oxygen (O) in 
1 .5 wt % to the material of which each of the inner and outer , an amount of 9 ppm or less, sulfur (S) in an amount of 0.010 
races and the input and output side disks is made. ' 50 wt % or less, and phosphorous (?) in an amount of 0.020 wt 

Further, the reason why molybdenum (Mo) is added to a % or less, 

material of which each of the inner and outer races and the Still further, each of the inner race and the outer race, 

input and output side disks is made is that molybdenum which are components of the power roller bearing, and the 

(Mo) is also an alloy element that can improve the resisting input side disk and the output side disk is allowed to have a 

resistance for temper softening significantly like silicon (Si). 55 residual compressive stress ranging from 40 to 150 kgf/mm 2 

The effect of significantly improving the resisting property x on a surface layer of the rolling surface thereof, and this 

for temper softening is noticeably exhibited when molyb- contributes to further improving the rolling life of the power 

denum is added in an amount of 0.3 wt % or more. ^ roller bearing, the input side disk, and the output side disk, 

On the other hand, even if molybdenum (Mo) is added in which in turn allows a toroidal-type continuously variable 

an amount exceeding 1,0 wt %, such effect remains more or eo transmission having a longer life to be obtained, 

less the same. Therefore, it is desirable that molybdenum 1 The reason therefor is that by producing. a-residual com- 

(Mo) is added to a material of which each of the inner and pressive stress on the surface layer of the rolling surface of 

outer races and the input and output side disks is made each of the inner race, the outer race, the input side disk, and 

within a range from 0.3 wt % to 1.0 wt %. the output side disk, generation of minute cracks caused by 

Further, the reason why the steel is subjected to a carbur- 65 tensile stress in the tangential direction of the surface which 

izing process or a carbonitriding process is to improve the is a cause of flaking is controlled to improve fatigue 

resisting property for temper softening the case hardening » strength. — 
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The effect of improving fatigue strength is noticeably 
exhibited when the residual compressive stress is equal to or 
exceeds 40 kgf7mm 2 . On the other hand, a residual com- 
pressive stress in excess of 150 kgf/mm 2 causes the rolling 
portions of the bearing to accumulate fatigue due to heavy 
machining, thereby impairing fatigue strength. Therefore, it 
is desirable that a residual compressive stress ranging from 
40 to 150 kgf/mm 2 be produced on the surface layer of the 
rolling surface of each of the inner race, the outer race, the 
input side disk, and the output side disk. 10 

Further, for the same reason as above, a residual com- 
pressive stress ranging from 40 to 150 kgf/mm 2 is produced 
on the surface layer of the rolling surface of the rolling 
element, which is a component of the power roller bearing, 
and this contributes to further improving the rolling life of 15 
the power roller bearing, the input side disk, and the output 
side disk, which in turn allows a toroidal-type continuously 
variable transmission having a longer life to be obtained. 

EXAMPLES 20 

A total of 17 test pieces (steel balls 1 to 17 that are of the 
same construction as the rolling elements 16c and 17c of the 
toroidal-type continuously variable transmission 10 shown 
in FIG. 5) were prepared by selecting one of the materials 
(materials A to I) shown in Table 1, then subjecting pieces 
of the selected material to heat treatments shown in Table 2, 
and further shot peening certain heat-treated pieces as the 
case may so require. 

Similarly, a total of 17 test pieces (inner races, outer races, 
and disks 1 to 17 that are of the same construction as the 
power rollers 16 a, 11a, the outer races 16b, lib, and the 
input side disk 11 and the output side disk 12 of the 
toroidal-type continuously variable transmission 10 shown 
in FIG. 5) were prepared by selecting one of the materials 
(materials A to I) shown in Table 1, then subjecting pieces 
of the selected material to heat treatment as shown in Table 
3, and further shot peening certain heat-treated pieces as the 
case may so require. 

Moreover, heat treatment symbols (heat treatments I to 40 
IV) indicated in the column of heat treatment in Tables 2 and 
3 correspond to heat treatment numbers indicated in FIGS. 
4A to 4D, respectively. Details of the respective heat treat- 
ment processes will be described below. 



ammonia (NH 3 ) gas whose temperature ranges from 840° to 
860° C, thereafter oil-quenched, and then heated for 2 hours 
in the atmosphere whose temperature ranges from 160° to 
180° C, and finally cooled (tempered). 

Heat Treatment IV 

As shown in FIG. 4D, a piece of a material is heat-treated 
(carbonitrided) for 20 to 30 hours in Rx gas, enriched gas, 
and ammonia (NH 3 ) gas whose temperature ranges from 
930° to 950° C, self-cooled, then heat-treated for 0.5 to 1 
hour in Rx gas whose temperature ranges from 840° to 860° 
C, thereafter oil quenched, and then heated for 2 hours in the 
atmosphere whose temperature ranges from 160° to 180° C, 
and finally cooled (tempered). 

TABLE 1 
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Heat Treatment I 

As shown in FIG. 4A, a piece of a material is heat-treated 
(through hardened) for 0.5 to 1 hour in an Rx gas whose 
temperature ranges from 840° to 860° C, thereafter oil- 
quenched, and then heated for 2 hours in the atmosphere 
whose temperature ranges from 160° to 180° C, and finally 
cooled (tempered). 

Heat Treatment II 

As shown in FIG. 4B, a piece of a material is heat-treated 
(carburized) for 20 to 30 hours in Rx gas and enriched gas 
whose temperature ranges from 930° to 950° C, self-cooled 
(or hardened), then heat-treated for 0.5 to 1 hour in Rx gas 
whose temperature ranges from 840° to 860° C, thereafter 
oil-quenched, and then heated for 2 hours in the atmosphere 
whose temperature ranges from 160° to 180° C, and finally 
cooled (tempered). 

Heat Treatment III 

As shown in FIG. 4C, a piece of a material is heat-treated 
(carbonitrided) for 3 to 5 hours in Rx gas, enriched gas, and 
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C 


Si 


Mn 


Cr 


Mo 


O 


S 


P 


Materials 


(%) 


W 


(%) 


(%) 


<*) 


(ppm) 


(%) 


(%) 


A 


1.00 


0.25 


0.4 


1.51 




8 


0.008 


0.016 


(SUJ2) 


















B 


0.20 


0.20 


0.7 


1.05 


0.2 


9 


0.009 


0.013 


SCM420 


















C 


0.67 


0.40 


0.7 


1.20 




8 


0.008 


0.011 


D 


0.30 


0.50 


0.8 


1.50 


0.3 


9 


0.006 


0.015 


E 


0.32 


1.50 


0.8 


1.50 


1.0 


8 


0.008 


0.012 


F 


0.29 


0.42 


0.7 


1.50 


0.1 


9 


0.008 


0.012 


G 


0.30 


0.59 


0.8 


1.50 


1.1 


8 


0.008 


0.011 


H 


0.31 


1.00 


0.7 


1.50 




8 


0.008 


0.015 


I 


0.30 


0.25 


0.7 


1.50 


0.8 


8 


0.008 


0.012 
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The residual stress (kgf/mm 2 ) of each of the respective 
test pieces obtained in Tables 2 and 3 is measured at 50 /4m 
in depth from the surface. The results of the measurements 
are shown in Tables 2 and 3. 

It should be noted that the residual compressive stresses 
referred to in Tables 2 and 3 are identified as tensile (+) and 
compressive (-). 

Then, toroidal-type continuously variable transmissions 
such as shown in FIG. 5 were prepared by combining the 
steel ball shown in Table 2, the inner race, the outer race, and 
the disks (input and output side disks) shown in Table 3 in 
such a manner as shown in Table 4. 

TABLE 2 









Heat 




Residual 




Test 




Treat- 


Shot 


Stress 




Pieces 


Materials 


ment 


Peening 


(Kgf/mm 2 ) 


Example 


Steel BaU 1 


A 


III 


None 


-19 


Example 


Steel Ball 2 


C 


in 


None 


-21 


Example 


Steel Ball 3 


A 


nr 


None 


-19 


Example 


Steel Ball 4 


A 


ni 


None 


-19 


Example 


Steel Ball 5 


A 


in 


None 


-19 


Example 


Steel Ball 6 


A 


HI 


None 


-19 


Example 


Steel Ball 7 


A 


in 


None 


-19 


Example 


Steel Ball 8 


A 


in 


None 


-19 


Example 


Steel Ball 9 


A 


in 


None 


-19 


Example 


Steel Ball 10 


A 


in 


None 


-19 


Example 


Steel Ball 11 


A 


in 


None 


-19 


Example 


Steel Ball 12 


A 


in 


None 


-19 


Example 


Steel Ball 13 


A 


m 


None 


-19 


Example 


Steel Ball 14 


A 


in 


Exist 


-74 


Example 


Steel Ball 15 


A 


in 


None 


-19 


Comparative 


Steel Ball 16 


A 


i 


None 


-2 


Example 












Comparative 


Steel Ball 17 


A 


i 


None 


-2 


Example 













11/05/2001, EAST Version: 1.02.0008 



5,855,531 



9 

TABLE 3 
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Heat 


Shot 


Residual 




Test 


Mater- 


Treat- 


Peeu- 


Stress 




Pieces 


ials 


ment 


ing 


(Kg&mm 2 ) 


Example 


Inner and Outer 


B 


II 


None 


-16 


Races and Disks 1 










Example 


Inner and Outer 


B 


II 


None 


-16 


Races and Disks 2 










Example 


Inner and Outer 
Races and Disks 3 


H 


II 


None 


-17 


Example 


Inner and Outer 
Races and Disks 4 


I 


II 


None 


-17 


Example 


Inner and Outer 


D 


II 


None 


-22 


Races and Disks 5 










Example 


Inner and Outer 


E 


II 


None 


-20 


Races and Disks 6 










Example 


Inner and Outer 


E 


IV 


None 


-24 


Races and Disks 7 










Example 


Inner and Outer 
Races and Disks S 


F 


II 


None 


-21 


Example 


Inner and Outer 


G 


II 


None 


-22 


Races and Disks 9 










Example 


Inner and Outer 


B 


II 


Exist 


-42 


Races and Disks 10 










Example 


Inner and Outer 


B 


II 


Exist 


-147 


Races and Disks 11 










Example 


Inner and Outer 


B 


II 


Exist 


-160 


Races and Disks 12 










Example 


Inner and Outer 


E 


IV 


Exist 


-69 


Races and Disks 13 










Example 


Inner and Outer 


E 


IV 


Exist 


t69 


Races and Disks 14 










Example 


Inner and Outer 


E 


II 


Exist 


-65 


Races and Disks 15 










Compara- 


Inner and Outer 


A 


I 


None 


+8 


tive 


Races and Disks 16 










Example 












Compara- 


Inner and Outer 


B 


II 


None 


-16 


tive 


Races and Disks 17 










Example 













(Test Conditions) 
Number of revolutions of the input shaft 




4000 r.p.m. 


Input torque 


350 N • m 


Used oil 


Synthetic lubricating oil 


Oil temperature 


100° C. 


Number of tests 


7 



The life (L^ life) of the power roller bearings and the 
disks was verified by the presence of flaking on the rolling 
surfaces of the power roller bearings, the rolling surfaces of 
both disks, or on the steel balls (rolling elements) which can 
be visibly checked by the naked eye or with a magnifying 
glass. The quantitative expression (L 10 life) of the results of 
these life tests was obtained in terms of time (in hours) until 
10% of the rolling surfaces of the power roller bearings, the 
rolling surfaces of both disks, and the steel balls (rolling 
element) reach their life based on the 7 measurements. 



The results of these tests are shown in Table 4. 
TABLE 4 



Test 
Pieces 



Occurrence 
of Flaking 







Inner and 








Inner 








Outer 




Lio 




and 






Steel 


Races, 


Number 


lives 


Steel 


Outer 






Ball 


and Disks 


of Tes t 


(Time) 


Ball 


Races 


Disks 


Example 1 


1 


1 


7 


199 


0 


6/7 


1/7 


Example 2 


2 


2 


7 


173 


0 


6/7 


117 


Example 3 


3 


3 


7 


283 


0 


7/7 


0 


Example 4 


4 


4 


7 


273 


0 


7/7 


0 


Example 5 


5 


5 


7 


311 


0 


7/7 


0 


Example 6 


6 


6 


7 


488 


1/7 


5/7 


1/7 


Example 7 


7 


7 


7 


630 


2/7 


4/7 


VI 


Example 8 


8 


8 


7 


221 


0 


7/7 


0 


Example 9 


9 


9 


7 


332 


0 


5/7 


2/7 


Example 10 


10 


10 


7 


294 


0 


7/7 


0 


Example 11 


11 


11 


7 


341 


0 


7/7 


0 


Example 12 


12 


12 


7 


146 


0 


6/7 


1/7 


Example 13 


13 


13 


7 


804 


3/7 


2/7 


2/7 


Example 14 


14 


14 


7 


980 


1/7 


5/7 


1/7 


Example 15 


15 


15 


7 


690 


2/7 


3/7 


2/7 


Comparative 


16 


16 


7 


71 


7/7 


0 


0 


Example 1 
















Comparative 


17 


17 


7 


76 


7/7 


0 


0 


Example 2 

















Thereafter, the life of the power roller bearings (the steel 
ball, the inner and outer races) and 'disks (the input and 
output side disks) of the thus obtained respective toroidal- 
type continuously variable transmissions (Examples 1 to 15 
and Comparative Examples 1 and 2) were tested under the 
following conditions. 



45 



From Table 4, it is verified that the toroidal-type continu- 
ously variable transmissions (Comparative Examples 1 and 
30 2) using the steel balls obtained by subjecting material A 
(SUJ2) to the ordinary heat treatment (heat treatment I) have 
L 10 lives greatly shorter than the other toroidal-type con- 
tinuously variable transmissions (Examples 1 to 15). 
On the other hand, it is also understood that the toroidal - 
35 type continuously variable transmissions (Examples 1 to 15) 
using the steel balls obtained by subjecting material A 
(SUJ2), or material C (medium-carbon steel) to the carbo- 
nitriding process and the hardening and tempering treat- 
ments (heat treatment III) have Lj 0 lives greatly longer than 
40 the other toroidal-type continuously variable transmissions 
(Comparative Examples 1 and 2) with the presence of 
damaged parts shifting from the steel balls to the inner and 
outer races and to the disks. 

This improvement in L 10 life is obtained by strengthening 
the steel ball, which is the weakest part under the operating 
conditions of the toroidal-type continuously variable trans- 
mission. 

It is also understood that when the case (Examples 1 and 
2 of using material B (SCM420, which is an ordinary case 
hardening steel) in which the material of which the inner and 
outer races and the disks are made is compared with the case 
(Examples 3 to 7) of using materials D, E, I, and H (steels 
to be case hardened having silicon (Si) or molybdenum (Mo) 
added in appropriate amounts), Examples 3 to 7 exhibit an 
improvement in L 10 life. 

The reason therefor is that the resisting property for 
temper softening is improved by adding at least one of 
silicon (Si) and molybdenum (Mo) in appropriate amounts, 
eo It is further verified that although Example 8 using 
material F as the material of which the inner and outer races 
and the disks are made exhibits improvement in L 10 life 
compared with Comparative Examples 1 and 2, the 
improvement in L I0 life of Example 8 is not as large as that 
65 of Examples 3 to 7 because the amounts of both the silicon 
(Si) and molybdenum (Mo) added in Example 8 are not 
appropriate. 



55 



11/05/2001, EAST Version: 1.02.0008 



5,855, 

ii 

It is still further understood from Example 9 using mate- 
rial G as the material of which the inner and outer races and 
the disks are made that excessive addition of molybdenum 
(Mo) is not contributory to improving the life. 

It is still further verified that the toroidal-type contirm- 5 
ously variable transmissions (Examples 10 and 11) using the 
inner and outer races and the disks having appropriate 
residual compressive stresses on the surfaces thereof by shot 
peening exhibit improvement in L 10 life. 

The reason therefor is that generation of minute cracks 10 
that causes flaking is controlled by producing optimal 
residual compressive stresses on the surface layers of the 
rolling inner and outer races and the disks. Accordingly, it 
has been proven that the life can be improved by producing 
a residual compressive stress ranging from 40 to 150 kgf/ 15 
mm 2 on the surface layers of the rolling surfaces of the inner 
and outer races and the disks. 

On the other hand, it is also understood that the toroidal- 
type continuously variable transmission (Example 12) using 
the inner and outer races and the disks whose residual 20 
compressive stresses produced by shot peening are not as 
optimally specified exhibits improvement in L 10 life com- 
pared with Comparative Examples 1 and 2, but such 
improvement is not so large as that exhibited by Examples 
10 and 11. 25 

The reason therefor may reside in the assumption that the 
negative effect brought about by the material being sub- 
jected to fatigue due to heavy machining on the surfaces 
prevails over the effect of controlling the generation of 3Q 
minutes cracks caused by the optimal residual compressive 
stress. 

It is still further verified that the toroidal-type continu- 
ously variable transmissions (Examples 13 to 15) obtained 
by using material E (the material having at least one of 35 
silicon (Si) and molybdenum (Mo) added in an appropriate 
amount) as the material of which the inner and outer races 
and the disks are made, subjecting the material to carburiz- 
ing or carbonitriding and to hardening and tempering 
treatments, and using the inner and outer races and disks ^ 
having optimal residual compressive stresses on the surfaces 
thereof exhibit significant improvement in L 10 life. 

Then, a relationship between the tempering temperature 
(°C.) and the hardness of test pieces (HV) is analyzed to 
evaluate the resisting property for temper softening when the 45 
test pieces of material A (SUJ2) are subjected to heat 
treatments P, II' and IIP. These heat treatments vary the 
tempering temperature in comparison with the heat treat- 
ments I, II and III as shown in FIGS. 4A to 4D. The result 
of the analysis is shown in FIG. 1. 50 

Moreover, the amount of carbon on the surface in treat- 
ment II' is 1 .3 wt %, and the amounts of carbon and nitrogen 
on the surface in heat treatment III' is 13 wt % and 0.3 wt 
%, respectively. 

As shown in FIG. 1, it is understood that reduction in 55 
hardness of the test pieces obtained by heat treatment I* is 
larger than that by heat treatment processes II' and III', which 
in turn allows us to verify that heat treatment processes II' 
and IIP contribute to improving the resisting property for 
temper softening compared with heat treatment I\ eo 
Particularly, heat treatment IIP exhibits a significant 
improvement in the resisting property for temper softening. 

Then, a relationship between the tempering temperature 
(°C.) and the hardness of test pieces (HV) was analyzed to 
evaluate the resisting property for temper softening when the 65 
test pieces of materials B, D, E, and F are subjected to the 
same heat treatment IP (which varies the tempering tern- 
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perature in comparison with the heat treatment II as shown 
in FIG. 4B). The result of the analysis is shown in FIG. 2. 

As shown in FIG. 2, it is understood that the materials 
(materials D, E, and F) whose silicon (Si) content ranges 
from 0.5 wt % to 1.5 wt % exhibit improvement in hardness 
compared with material B whose silicon (Si) content is less 
than 0.5 wt %, and therefore exhibit the excellent resisting 
property for temper softening. 

Then, a relationship between the tempering temperature 
(°C.) and the hardness of test pieces (HV) was analyzed to 
evaluate the resisting property for temper softening when the 
test pieces of materials B, D, E, F, and G are subjected to the 
same heat treatment IP. The result of the analysis is shown 
in FIG. 3. 

As shown in FIG. 3, it is understood that the materials 
(materials D, E, F, and G) whose molybdenum (Mo) content 
ranges from 0.3 wt % to 1.0 wt % exhibit improvement in 
hardness compared with the material B (as shown in FIG. 2) 
whose molybdenum (Mo) content is less than 0.3 wt %, and 
therefore exhibit the excellent resisting property for temper 
softening. Moreover, although the above-described embodi- 
ment mentions a single cavity-type of the toroidal-type 
continuously variable transmission as an example, the 
present invention can be applied to a double cavity-type 
transmission. 

As described in the foregoing, the toroidal-type continu- 
ously variable transmission of the present invention is 
characterized as having the rolling element of the power 
roller bearing made of a medium-carbon steel or a high- 
carbon steel, and subjected to a carbonitriding process and 
hardening and tempering treatments. Therefore, the resisting 
property for temper softening the rolling element can be 
improved, which in turn prevents hardness thereof at high 
temperatures from being reduced. In addition, the martensite 
transformation temperature of the case of the rolling element 
may be made different from that of the core thereof. 
Therefore, an optimal residual compressive stress is pro- 
duced on the surface of the rolling element after the hard- 
ening and tempering treatments. Hence, generation of 
minute cracks caused by tensile stress present in the tan- 
gential direction with respect to the surface can be 
controlled, which in turn improves fatigue strength. 

As a result, the rolling life of the power roller bearing and 
the input and output side disks is improved, which in turn 
allows a toroidal-type continuously variable transmission 
having a long life to be provided. 

Further, each of the inner race and the outer race, which 
are components of the power roller bearing, and the input 
side disk and the output side disk is made of a case hardened 
steel containing at least one of silicon (Si) in an amount 
ranging from 0.5 wt % to 1.5 wt % and molybdenum (Mo) 
in an amount ranging from 0.3 wt % to 1.0 wt %, and is 
subjected to a carburizing or carbonitriding process and to 
hardening and tempering treatments, and the thus obtained 
inner and outer races and input and output side disks are 
combined with the rolling elements according to the present 
invention. Such combination contributes to further improv- 
ing the rolling life of the power roller bearing, the input side 
disk, and the output side disk, which in turn allows a 
toroidal-type continuously variable transmission having a 
longer life to be obtained. 

Moreover, the steels to be case hardened and the medium- 
or high-carbon steel contains oxygen (O) in an amount of 9 
ppm or less, sulfur (S) in an amount of0.010wt%or less, 
and phosphorus (P) in an amount of 0.020 wt % or less. This 
contributes to further improving the rolling life of the power 
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roller bearing, the input side disk, and the output side disk, 
which in turn allows a toroidal- type continuously variable 
transmission having a longer life to be obtained. 

Still further, each of the inner race and the outer race, 
which are components of the power roller bearing, and the 5 
input side disk and the output side disk is allowed to have a 
residual compressive stress ranging from 40 to 150 kgf7mm 2 
on a surface layer of the rolling surface thereof, and this 
contributes to further improving the rolling life of the power 
roller bearing, the input side disk, and the output side disk, 10 
which in turn allows a toroidal-type continuously variable 
transmission having a longer life to be obtained. 

Still further, a residual compressive stress ranging from 
40 to 150 kgfYmm 2 is produced on the surface layer of the 
rolling surface of the rolling element, which is a component 15 
of the power roller bearing, and this contributes to further 
improving the rolling life of the power roller bearing, the 
input side disk, and the output side disk, which in turn allows 
a toroidal-type continuously variable transmission having a 
longer life to be obtained. 20 

What is claimed is: 

1. A toroidal-type continuously variable transmission 
comprising: 

an input side disk disposed on an input shaft; ^ 
an output side disk disposed on an output shaft; and 
a pair of power roller bearings disposed between the input 
and output side disks, each of the bearings including an 
inner race, an outer race, and a plurality of rolling 
elements interposed between the inner and outer races 30 
and transmitting motive power of the input shaft to the 
output shaft while engaging the inner race with the 
input and output side disks, wherein each of the rolling 
elements has a residual compressive stress ranging 
from 19 to 74 kgf/mm 2 in its rolling surface, and 35 
wherein each of the rolling elements has carbon and 
nitrogen dissolved in a surface layer of its rolling 
surface by means of a carbonitriding treatment. 

2. The toroidal-type continuously variable transmission of 
claim 1, wherein each of the rolling elements has a residual 40 
compressive stress ranging from 40 to 150 kgf/mm 2 on a 
surface layer of a rolling surface thereof. 

3. The toroidal-type continuously variable transmission of 
claim 1, wherein each of said rolling elements has a surface 
hardness of HV700 or more after a tempering treatment at a 45 
tempering temperature of 300° C. or more. 
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4. The toroidal-type continuously variable transmission of 
claim 1, wherein each of the rolling elements is made of a 
steel containing carbon in an amount of at least 0.2 wt % 
with the balance being Fe. 

5. The toroidal-type continuously variable transmission of 
claim 4, wherein the steel contains oxygen in an amount of 
9 ppm or less, sulfur in an amount of 0.010 wt % or less, and 
phosphorus in an amount of 0.020 wt % or less. 

6. The toroidal-type continuously variable transmission 
according to claim 1, wherein each of the inner race and the 
outer race of the power roller bearings, and the input side 
disk and the output side disk has a residual compressive 
stress ranging from 16 to 160 kgf/mm 2 in its rolling surface 
layer. 

7. The toroidal-type continuously variable transmission of 
claim 6, wherein each of the inner races and the outer races 
of the power roller bearings, and the input side disk and the 
output side disk is made of a steel to be case hardened 
containing at least one of silicon in an amount ranging from 
0.5 wt % to 1 .5 wt % and molybdenum in an amount ranging 
from 0.3 wt % to 1.0 wt %, with the balance being Fe. 

8. The toroidal-type continuously variable transmission of 
claim 7, wherein each of the inner races and the outer races 
of the power roller bearings, and the input side disk and the 
output side disk is subjected to a carburizing process or a 
carbonitriding process and to hardening and tempering treat- 
ments. 

9. The toroidal-type continuously variable transmission of 
claim 7, wherein the steel contains oxygen in an amount of 
9 ppm or less, sulfur in an amount of 0.010 wt % or less, and 
phosphorus in an amount of 0.020 wt % or less. 

10. The toroidal-type continuously variable transmission 
of claim 6, wherein each of the inner and outer races of the 
power roller bearings, and the input and output side disks 
has a residual compressive stress ranging from 40 to 150 
kgf/mm 2 on a surface layer of a rolling surface thereof, 

11. The toroidal-type continuously variable transmission 
of claim 6, wherein each of the rolling elements has a 
residual compressive stress ranging from 40 to 150 kgiymm 2 
on a surface layer of a rolling surface thereof. 

12. The toroidal-type continuously variable transmission 
of claim 6, wherein each of said input side disk and the 
output side disk has a surface hardness of HV700 or more 
after a tempering treatment at a tempering temperature of 
300° C. or more. 

***** 
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